Introduction
Phosphor-converted white light emitting diodes (PCLEDs) offer tremendous energy savings over traditional light sources due to high efficiency, tunable color, and long lifetimes, with the additional benefit of using environmentally benign materials.
1,2 PCLEDs generally contain two components, a blue or near-UV LED chip and a rare-earth substituted phosphor or phosphors that convert the LED emission to longer wavelengths, producing broad spectrum white light emission. The phosphor is a crucial component, impacting the overall luminous efficacy, color temperature, color rendition, and thermal stability of the resulting white light. [3] [4] [5] The most appropriate phosphors for this application usually involve the broad and symmetry-allowed 4f to 5d transitions in Ce 3+ or Eu 2+ substituted in a host matrix such as an oxide, oxyfluoride, nitride, or oxynitride. 5 The energies associated with these transitions are strongly influenced by the crystal field splitting of the 5d levels due to the surrounding host structure. Therefore, the geometry and chemistry of the host material are critical in the selection of known phosphors and in the discovery of new phosphor materials for use in PCLED applications.
Until recently, a majority of new phosphors were identified through chemical substitution in known compounds, [5] [6] [7] [8] with occasional high throughput searches of familiar parameter space. 9, 10 An alternative, potentially more efficient method presented recently employs Density Functional Theory (DFT) to screen for new potential phosphor hosts with high photoluminescent quantum yield (PLQY). 11 It has been suggested by some of us that highly three-dimensionally connected structures, such as yttrium aluminum garnet (YAG), possesses high PLQY (>90%) -when substituted with appropriate amounts of Ce 3+ -due to structural rigidity that limits, at measurement temperatures, accessible phonon modes that would lead to non-radiative quenching mechanisms. 11, 12 Structural rigidity, however, is not easily quantified in a solid and can be difficult to capture as a single parameter. The Debye temperature (Θ D ) was identified previously, 11 as an useful proxy for structural rigidity. Θ D is easily calculated within the quasi-harmonic Debye model using elastic 3 constants determined from ab initio calculations. 11 Within this framework, rare-earth substituted phosphor hosts are selected by searching through crystal structure databases (e.g., Inorganic Crystal Structure Database (ICSD)) for compounds with a high Θ D , in addition to certain other parameters associated with plausible chemistry. These parameters include elemental compositions that would withstand reaction conditions, dopant sites for the activator ion, and a sufficiently wide band gap.
Experimentally, Θ D is obtained either from low temperature heat capacity measurements or from atomic displacement parameters determined from careful scattering (typically neutron) studies. The latter technique is usually associated with studies of monoatomic solids, and for more complex solids, a weighted average of the displacement parameters across all atoms in the unit cell has been found to yield agreement with other techniques. 12 Θ D measured experimentally using these two methods for a number of phosphor hosts has been shown to agree well with values calculated from DFT-derived parameters. [12] [13] [14] [15] In this work, we explore the structural signatures of several known oxide phosphor hosts, through a careful examination of the average and local structure determined using time-of-flight neutron scattering (including total scattering) and synchrotron powder diffraction methods. The oxide hosts Ba 2 SiO 4 , BaAl 2 O 2 , SrAl 2 O 4 , and Y 2 SiO 5 were studied using these scattering techniques and low-temperature heat capacity measurements. The
Debye temperature has been obtained using parameters obtained from DFT calculations, and measured from isotropic atomic displacement parameters refined from 15 K neutron scattering data using both average and local structure techniques. Separately, Θ D has been extracted from fitting the low temperature heat capacity measured between 1.8 K and 20 K. Pair distribution function analysis of neutron scattering data collected at 15 K has been performed to explore local versus long-range rigidity, as described by the impact of correlated motion on the extracted Debye temperature. Finally, structural rigidity has been correlated with the ability of the different structure types to best optimize bonding 4 around the countercations that provide the substitution sites for the phosphor activator ions. High-resolution synchrotron X-ray powder diffraction data were collected on the 11-BM instrument at the Advanced Photon Source (APS) at Argonne National Laboratory, at a temperature of 300 K using an average wavelength of λ = 0.413742Å. Neutron powder diffraction data were collected using the NPDF instrument at the Los Alamos Neutron Science Center at Los Alamos National Laboratory. Samples were placed in vanadium containers, and time-of-flight neutron data was collected at 300 K and 15 K from four detector banks located at ±46
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• , ±90
• , ±119
• , and ±148
• . Rietveld analysis was carried out using the General Structure Analysis System (GSAS). 16, 17 Simultaneous refinements of the X-ray and neutron scattering data collected at 300 K were completed by adjusting the profile shapes and backgrounds (shifted Chebyshev function for X-ray, power series for neutron), refining neutron absorption coefficients, and adjusting the instrument parameters. These parameters were then kept static, and the X-ray data only was used to refine the unit cell parameters. Both X-ray and neutron data were then used to refine the atomic positions.
Then only neutron data was used to refine the atomic displacement parameters. Refinements of low temperature data were completed using only neutron powder diffraction data collected at 15 K. Crystal structures were visualized using the software VESTA. 18 Density Functional Theory (DFT) calculations were performed using the Vienna ab initio Simulation Package (VASP 5.3) [19] [20] [21] [22] within the projector augmented wave method (PAW). 23, 24 Initial relaxation of the atomic positions were performed until the residual forces were <1×10 −2 eV/Å. Exchange and correlation were described by Perdew-BurkeErnzerhof using the generalized gradient approximation (GGA-PBE). 25 The energy cutoff of the plane wave basis set and the number of k-points used for each calculation are detailed in the Supporting Information. The bulk modulus and Poisson ratio were calculated as described previously 11 using the Voigt-Reuss-Hill (VRH) approximation 26 from the stress-strain relationship driven by ±0.015Å displacements. 27 The elastic moduli were then used to estimate the Debye temperature (Θ D ) using the quasi-harmonic Debye model. 11, [28] [29] [30] Debye temperatures for crystallographically distinct atoms, Θ D,i were calculated from isotropic atomic displacement parameters using the low-temperature approximation:
where i represents the atomic species Ba, Sr, Y, Si, Al, or O, M is the atomic weight of the atom, and U iso,i the isotropic atomic displacement parameter of the individual atomic species in the unit cell. The overall Debye temperature, Θ D , was found by taking the weighted average of Θ D,i from each atomic species, according to their Wyckoff multiplicities in the unit cell:
6 where m i is the Wyckoff multiplicity of the individual atomic species.
Low-temperature heat capacity was measured using a Quantum Design Physical Properties Measurement System. Heat capacity measurements from 1.8 K to 20 K were collected on pellets with a mass of approximately 15 mg and analyzed using thermal relaxation calorimetry. A thin layer of Apiezon-N grease was used to ensure thermal contact between the platform and the sample. The heat capacity of the Apiezon-N grease was collected separately and subtracted from the measured sample heat capacity. The Θ D was then extracted by fitting the heat capacity to the Debye model in the low-temperature limit:
where N is the number of atoms per formula unit multiplied by the Avogadro number, k B is the Boltzmann constant, and T is the temperature.
Pair distribution function (PDF) analysis was performed on the neutron powder diffraction data collected at 15 K. The data were extracted using PDFgetN 32 with Q max = 25Å, respectively, based on data quality and collection time. Least-squares refinements were performed on the PDF to obtain local structure information using PDFgui. 33 The real-space instrument parameters Q damp and Q broad were determined from a crystalline material calibration standard and fixed at 0.00623Å −1 and 0.0021Å −1 , respectively. Refinement ranges of 1Å to r max , with r max = 5Å, 10Å, 15Å, 20Å, and 50Å, were chosen to explore the effects of diffuse thermal scattering and correlated motion on the local structure and the average structure. Crystal structure depcitions and calculations of distance and distortion parameters were carried out using the VESTA suite of programs. Table 1 compares the effective ionic radii of the potential activator ion Ce 3+ in different coordination environments with the effective ionic radii of cations in the host structure that represent possible substitution sites. 39 Comparison of effective ionic radii indicates that all of the structures contain two potential substitution sites for Ce 3+ , Table 2 lists the characteristics of the coordination environments. Since the bonding environment of these cation sites will influence the activator ion energy levels and in turn the optical properties,
we have focused on an analysis of these coordination environments. The polyhedral volume of the sites were calculated using the method outlined by Swanson and Peterson. 40 A polyhedral distortion index, D, can also be calculated following
where l i is the distance from the central atom to the ith coordinating atom and l av is the average bond length. The polyhedra of each of the two cation sites in each structure is illustrated in Figure 2 with the refined crystal structures. Density functional theory (DFT) provides a method for predicting Θ D , which is indicative of structural rigidity in phosphor hosts. 11 This method was used to calculate Θ D for each compound using the structure determined from room temperature co-refinements.
Θ D results are listed in Table 3 . Based on Pauling's rules for ionic crystal structures, 42 we would expect that structures containing polyhedra of lower charge cations (Al 3+ instead of Si 4+ ) and oxygen would be better connected and therefore more rigid, and this is indeed borne out by the DFT calculations. Refinements of low temperature neutron power diffraction data collected at 15 K were conducted to extract atomic displacement parameters (U iso ) to experimentally determine Figure 3 shows excellent agreement between the structural models and the data. The crystal data and refinement information are listed in the Supporting Information.
The coordination environment of each potential site for Ce 3+ substitution are listed in Table 4 for the low temperature structural refinements. The crystal structures, illustrated in Figure 4 , show 99% probability U iso ellipsoids.
The Θ D is then determined from U iso for each structure using the equations described previously, with results listed in Figure 5 . The data were fit to the Debye model, in the linear region of the log-log plot, and the extracted Θ D are listed in Understanding the local structure of phosphor hosts is crucially important to understanding their resultant optical properties. In addition, understanding long-range and short-range structural rigidity may provide further insights into the role of structural rigidity in phosphors. Pair distribution function (PDF) analysis is one method that can be used to study the local structure of phosphor hosts. In this study, we have analyzed the PDF of the low temperature neutron powder diffraction data collected at 15 K, and determined Θ D from refined U iso . The PDFs were fit over different real-space r max -ranges to evaluate the effects of thermal diffuse scattering and static disorder on the measured Θ D and to evaluate the role of correlated motion.
The correlated motion of atoms and its impact on the PDF is depicted in Figure 6 .
Rigid-body thermal motion contains atoms moving the same distance and in the same direction as the atom being observed, which is represented in a PDF as a series of sharp peaks for all distances from the atom or ranges of r. In uncorrelated atomic motion, all atoms move independently of the atom being observed, which is represented as a series of broad peaks for all ranges of r. Correlated atomic motion in the PDF is a combination of the observations where the local structure may not translate into the average, longrange structure. This is represented in a PDF as sharp peaks at low-r, similar to rigid-body thermal motion, and broad peaks at high-r, similar to uncorrelated atomic motion. This correlated motion is captured in the PDF by the empirical parameters δ 1 and δ 2 , often used for high temperature and low temperature behavior, respectively. The final PDF peak width is given by:
47,48
where σ ij is the peak width without correlation, computed from U iso . The degree of correlated motion within a material is dictated by both interatomic interactions and atomic geometry based on crystal structure.
The PDFs were first fit over the range of 1Å to 50Å to refine the low temperature δ 2 correlated motion parameter. This fit range represents the long-range, average structure.
Then, δ 2 was fixed and the data were fit over subsequently lower ranges of r max , including 1Å to 20Å, 1Å to 15Å, 1Å to 10Å, and 1Å to 5Å. Refinements of the PDFs fit over the range of 1Å to 20Å are illustrated in Figure 7 for all host structures with good agreement between the structural model and the data. Fits to the PDF for all r max -ranges are shown in the Supporting Information.
The correlated motion parameter, δ 2 , is refined to be 2.35Å 2 , 2.78Å 2 , 2.79Å 2 , and The PDF peak width modeled using U iso contains information on both the thermal diffuse scattering and static disorder. Fitting the PDF over varying r max -ranges can be used to evaluate the effects of thermal diffuse scattering. It will be manifested as significantly smaller U iso for short-range modeling (lower r) where the effects of the averaged thermal diffuse scattering are minimized. 49 Θ D for each r max -range determined using U iso from PDF refinements are shown in Figure 8 . The Θ D determined from refined U iso from the PDF is higher in the low-r region, corresponding to the local structure, decreasing with increasing r max -range, as r approaches the average structure description.
In the low-r region for r max = 5Å, it is the local structure of the first coordination shell of the polyhedra being observed. This is a useful range for observing the local rigidity that may influence optical properties pertaining to specific crystallographic sites and activator ion substitution. For example, we would expect this local rigidity to affect expansion or contraction, and distortion, of the lattice that may or may not occur with activator ion substitution. This could have implications as to why specific activator ions have optimal performance in certain structures and how this affects optical properties like quantum yield and Stokes shift.
As r max increases, Θ D decreases, gaining contributions from the long-range thermal diffuse scattering and interactions from the lattice as a whole. In the high-r region of r max = 50Å, corresponding to the long-range average structure, Θ D agrees well (±45 K) with values determined using other average structure techniques, and are listed in Table 3 . The Θ D for Y 2 SiO 5 is somewhat lower than expected, which may be influenced by the lower than expected correlated motion parameter included in the refinement. Figure 9 : Calculated Θ D from DFT and experimental Θ D determined using atomic displacement parameters from Rietveld and PDF refinements of low temperature neutron powder diffraction data collected at 15 K, and extracted from low temperature heat capacity collected at 1.8 K for all compositions. The different datapoints for the PDF refinements indicate increasing values of r max , with the trend that the PDF-calculated Debye temperature for sample decreases with increasing r max . Also included as a reference are the Θ D for silver and alumina measured using the low temperature heat capacity method. Figure 9 shows the Θ D determined from the four methods used: DFT calculated, experimentally measured from Rietveld refined U iso from 15 K neutron powder diffraction data, from low temperature heat capacity measurements, and from PDF U iso refined from 15 K neutron powder diffraction data fit over varying ranges of r max . Also included as a reference are the Θ D for silver and alumina measured using the low temperature heat capacity method discussed here.
For those materials where the local structure Θ D decreases drastically to the average structure Θ D , there is a large amount of thermal diffuse scattering present. Figure 10a shows the difference in measured Θ D from the local structure 1Å to 5Å PDF fit range to the DFT calculated Θ D as a percentage of the expected DFT calculated Θ D . We find that, for the compounds studied here, this large change from local to average Θ D corresponds We also find that the thermal diffuse scattering measured through PDF analysis and resulting Θ D can be related to the structural parameters refined using average structure techniques as an indication of average structural rigidity. Figure 10b shows the bond valence sum (BVS) determined for each of the two cation sites in each structure compared to the predicted BVS of 2+ for Ba 2+ and Sr 2+ and 3+ for Y 3+ . Figure 10c shows the average difference between the ideal BVS and experimental BVS for each site, based on multiplicity. We find that for materials that are optimally bonded, the distance from the ideal BVS is small and the difference in measured Θ D as a function of pdf fit range is also small, representing a material with high structural rigidity and a high Θ D . The Θ D can therefore be considered a measure of rigidity for the average structural description, whereas local structures techniques like PDF can be used to determine the rigidity of the local structure using a description of correlated motion or a local structure Θ D , which may provide future insights as to the role of local structural rigidity in phosphor compounds.
Conclusions
The results presented here explore the role of structural rigidity in several oxide struc- 
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